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Abstract: This work centers on hybrid materials based on MnO2−x and conducting polymers and their possible application as electrodes in
rechargeable lithium batteries. We approached the study of these hybrids as an alternative to crystalline manganese oxides, which capacity is
frequently limited by irreversible phase transitions. We followed the approach of forming simultaneously the organic and inorganic components
in an attempt to get nanocomposite materials. PPy/MnO2−x nanocomposite hybrids were prepared by direct one-pot reaction of pyrrole and
potassium permanganate, obtaining hybrids with different amounts of the inorganic phase. The results on the chemical, spectroscopic and
electrochemical characterization of the PPy/MnO2−x hybrids indicated that as the MnO2−x content increases, so does the initial specific charge in
lithium rechargeable cells, reaching values as high as 134 Ah/Kg.
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1. INTRODUCTION
Manganese oxides are among the best cathode materials for
use in primary lithium batteries, because of their great abun-
dance, low cost, favorable charge density, high chemical and
electrochemical stability, high discharge potential, and finally
but not less important low toxicity, which highlights them as
very attractive materials from an environmental point of view.
Although improving the reversibility of its redox reactions is
a paramount challenge, manganese dioxide has also been con-
sidered as an attractive material for non-aqueous rechargeable
lithium batteries, and it has been reported that its electrochem-
ical properties strongly depend on the powder morphology and
crystalline structure [1-5].We will refer to this oxide by its ideal
formula, MnO2, notwithstanding that it is a non-stoichiometry
compound with complex chemistry.
Before the 1990’s a lot of work was carried out on MnO2, even
though not much was known about the lithium insertion mech-
anism [4]. According to Pistoia [6] many discrepancies existed
∗To whom correspondence should be addressed:
Email: akcg@cje.unam.mx; Fax: +52(55) 56229742
regarding the behavior of manganese dioxide as a lithium inser-
tion cathode due to the coexistence of diverse phases that made
it a complex material. Probably the research carried out in the
past, deals with mixtures of different phases and the materials
under study differed from one case to another. Also, it has been
proven that the formation of Mn2O3 phase is detrimental for
the performance of these type of materials [6]. In the last 10
years, different MnO2 phases have been isolated and electro-
chemically characterized. [7-10]
The initial discharge potential for the diversity of MnO2 elec-
trodes (which measures their electrochemical activity) depends
on the Mn(III)/Mn(IV) ratio, which in turn depends on the syn-
thesis method. The presence of Mn(III) in the same crystallo-
graphic position as Mn(IV), can be favored by protonation of
the oxide giving way to [OH]− ions. The protonation itself de-
pends on the synthesis method. [10].
Frequently, the synthetic methods used to obtain the different
MnO2 phases are based on the decomposition of permanganate
precursors (LiMnO4, NaMnO4, and KMnO4). That decomposi-
tion has been carried out by different means, from conventional
thermal or chemical methods to electrochemical, and, in the last
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10 years by sol-gel methods. In the latter case, problems arising
from the lack of stable Mn(IV) precursors in aqueous solutions
have been pointed out.[5,7,9]
In general, MnO2 phases (MnO2−x) present low electric con-
ductivity like most transition metal oxides; however, for good
performance as cathode materials the presence of a conductive
network is necessary. Carbon can be used as conductive addi-
tive to increase inter-granular conductivity, but since carbon is
not electroactive this results in a certain reduction of the effec-
tive energy density. Taking this into account, the design of hy-
brid materials which could combine the electroactive and inex-
pensive MnO2−x, with an electroactive and conducting organic
polymer such as polypyrrole (PPy) seems like a good idea.
In the initial stage of our work there were only few papers re-
lated to hybrids based on MnO2 phases and polypyrrole as the
conducting polymer, and only one patent regarding the use of
polyaniline [11]. For the case of hybrids with polypyrrole, H.
Gemeay et.al. [12] approached the hybrid formation by means
of injecting liquid pyrrole in an acidic solution of various crys-
talline MnO2 phases previously formed; H. Yoneyama et.al.
[13] carried out an electrochemical polymerization of pyrrole
in the presence of propylene carbonate, tetraethyl ammonium
chloride, and different amounts of β-MnO2; and few other pa-
pers have reported hybrids based on the spinel LiMn2O4.[14-
16]. For the case of Polyaniline hybrids, polyaniline has been
used as a binder agent for manganese oxide electrodes. More re-
cently, there have been other publications regarding polypyrrole
as the conducting organic polymer. For instance, T. Tran et. al.
[17] followed the same electropolymerization procedure of pyr-
role in presence of β-MnO2, as previously mentioned, but in
aqueous solutions to show that PPy can act as a polaron lat-
tice; and S.A. Hashmi et. al. [18] prepared the PPy/MnO2 hy-
brid electrochemically for its application as electrodes in elec-
trochemical supercapacitors cells.
The synthesis that we propose here is an in-situ reaction be-
tween pyrrole and Mn(VII) precursor such as KMnO4 in acidic
media, where pyrrole gets oxidized and consequently polymer-
ized, and potassium permanganate gets reduced to form wa-
ter insoluble MnO2−x. Our aim is to produce hybrid materials
where the organic and inorganic components are truly dispersed
at a molecular level. Therefore in this paper we discuss the
chemical synthesis of PPy/MnO2−x hybrids, as well as their cor-
responding characterization (FTIR, XRD, TGA, chemical anal-
yses), and finally their performance as nanocomposite active Li
insertion cathode material in rechargeable lithium cells.
2. EXPERIMENTAL
2.1 Reagents
Pyrrole was purchased from Aldrich, distilled under reduced
pressure, and kept under nitrogen at 4oC. HClO4 (70%) and
KMnO4were purchased from Panreac and used according to
product specifications.
For the assembly of rechargeable lithium cells, metallic lithium
ribbon (99.9%, 0.38mm thick) from Aldrich was used as anode,
a commercial product from Merck (Selectipur) composed of
1M LiPF6 in EC:DMC=1:1 as electrolyte, and fiberglass mem-
branes from Whatman GF/D dried at 100oC for 48 hours as
electrode separators. All these components were kept in a dry
box under argon for the assembly of the cells.
2.2 Characterization
Elemental analyses were carried out to determine the percent-
ages of C, N, and H in the hybrids (organic part), using an el-
emental analyzer Carlo Erba CHN EA 1108 at maximum com-
bustion temperature of 1800oC. Atomic absorption analyses of
manganese were carried out using a “Unicam PU 9200X” appa-
ratus over manganese solutions, prepared by dissolving a pre-
cise weight of the thermogravimetric analysis (TGA) residue
in a solution of H2O/H2O2/HNO3 (50/5/5 %volume) to yield a
concentration of ca. 20 ppm. TGA analyses were carried out
under air up to 500oC and keeping this temperature for 5 h on
a Perkin Elmer ATG-7 thermobalance. FTIR spectroscopy was
carried out on pellets of the samples dispersed in dry KBr, us-
ing a Nicolet 710 FTIR spectrophotometer or a Perkin Elmer
Spectrum one. Powder XRD analyses were carried out in a
Rigaku with rotating anode, model “Rotaflex” Ru-200B with
a secondary graphite monochromator with a CuKα radiation
(λ=1.5418 Å).
The electrochemical studies in lithium rechargeable cells were
carried out in swagelok cells using an ARBIN potenciostat-
galvanostat model BT2042.
3. RESULTS AND DISCUSSION
3.1 Synthesis
The PPy/MnO2−x hybrid was synthesized using a modified ex-
perimental design of L9(33) from Taguchi’s tables [19]. This
design allowed the testing of three parameters (acid concentra-
tion, permanganate concentration, and reaction time) and their
levels (which are three in our case, for example, time: 1h, 30
min, 10 min). This approach allows for the scanning of criti-
cal parameters, in a simplified way with the minimum amount
of experiments. The PPy/MnO2−x hybrid formation was carried
out by means of an oxidative polymerization of pyrrole in acidic
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media, where KMnO4 acts as the oxidizing agent that gets re-
duced by pyrrole to simultaneously form the inorganic part of
the hybrid (MnO2−x).
Table 1 summarizes the design of the 9 experiments. The syn-
thesis was carried out as follows: pyrrole solution (0.005 moles
in 25 ml deionized water) was stirred at 500 rpm with a mag-
netic stirrer in an ice bath with perchloric acid solution (Ta-
ble 1), then KMnO4 solution (Table 1) was added dropwise (in
ca. three minutes) and left stirring for the time indicated in Ta-
ble 1. The solid formed was filtered off, washed with abundant
water, and dried under vacuum for three days. The results of
these series of synthesis were followed up by means of FTIR
spectroscopy (described in detail below), which showed the si-
multaneous presence of polypyrrole and the inorganic compo-
nent in 6 out of the 9 products isolated (hybrids MnPy1, MnPy4,
MnPy5, MnPy7, MnPy8, and MnPy9)
From Table 1 (first series) we can clearly deduce how the three
samples which did not yield the desired hybrids (MnPy2, MnPy3
and MnPy6) are those with a higher HClO4/MnO−4 ratio. More
specifically we determined that a HClO4/MnO−4 ratio lower than
or equal to 2.5:1 was necessary to form the hybrid. Taking
into account this fact, we synthesized four additional samples
(MnPy10, MnPy11, MnPy12 and MnPy13) with even lower
HClO4:KMnO4 ratios (Table 2, second series). In this way, we
used more KMnO4 in the reaction mixture in order to increase
the inorganic component in the hybrid.
3.2 Basic Characterization
In this section, we describe the different methods used to deter-
mine the PPy/MnO2−x hybrid compositions, the stoichiometry
of the organic and inorganic components, and the calculation of
the formula weights.
Fig. 1 shows the powder XRD pattern of sample MnPy4 which
is representative of all the samples. It features very broad diffrac-
tion peaks with low intensity, as expected for a very poorly crys-
talline, almost amorphous material dispersed in an amorphous
polymeric matrix.
FTIR spectra of samples synthesized following the experimen-
tal design of table 1 (first series) and table 2 (second series with
larger amounts of KMnO4), are shown respectively in Fig. 2 and
Fig. 3. In these figures we can observe peaks that correspond
to the inorganic phase (Mn-O) and polypyrrole, thus confirming
the formation of a hybrid in most cases.
Table 3 summarizes all data from FTIR analyses, including a
comparison with data and assignments from previous publica-
tions on polypyrrole [20-22]. The wide band around 500 cm−1
is characteristic of Mn-O vibrations and allowed us to make
an approximate estimate of the relative amount of Mn present
in our hybrid samples. Among peaks assigned to polypyrrole,
Figure 1: Powder XRD of sample MnPy4, which is amorphous
and representative of all PPy/MnO2 hybrid samples.
Figure 2: FTIR spectra of synthesized PPy/MnO2 hybrid sam-
ples from table I. where the dots represent the vibrational modes
of polypyrrole and the arrow Mn-O.
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Table 1: Taguchi’s modified experimental design L9(33), to evaluate the optimum synthesis parameters of PPy/MnO2 hybrid.
First series. HClO4/25 ml KMnO4/20 ml Ratio HClO4/MnO4 Rxn. time (min)
MnPy1 0.005 moles 0.0025 moles 2:1 5
MnPy2 0.005 moles 0.0015 moles 3.33:1 10
MnPy3 0.005 moles 0.001 moles 5:1 30
MnPy4 0.00375 moles 0.0025 moles 1.5:1 10
MnPy5 0.00375 moles 0.0015 moles 2.5:1 30
MnPy6 0.00375 moles 0.001 moles 3.75:1 5
MnPy7 0.0025 moles 0.0025 moles 1:1 30
MnPy8 0.0025 moles 0.0015 moles 1.66:1 5
MnPy9 0.0025 moles 0.001 moles 2.5:1 10
Table 2: Experiments with more amount of initial KMnO4.
Second series HClO4/25 ml KMnO4/20 ml RATIO HClO4/MnO4 rxn Time (min)
MnPy10 0.0025 moles 0.00375 moles 0.66:1 30
MnPy11 0.0025 moles 0.005 moles 0.50:1 30
MnPy12 0.0025 moles 0.00625 moles 0.40:1 30
MnPy13 0.0025 moles 0.0075 moles 0.33:1 30
Table 3: Data table of FTIR of all PPy/MnO2 hybrid samples compared with the bibliographic assign frequencies for polypyrrole.
Assignment [25] MnPy1 MnPy4 MnPY5 MnPy7 MnPy8 MnPy9 MnPy10 MnPy11 MnPy12 MnPy13
(cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)
770-790 cm−1 766 760 772 790 (sh) 780 777 790 (sh) 790 (sh) 790 (sh) 790 (sh)
C-H outside plane
1040 cm−1C-H y 1026 1032 1026 1032 1040 1040 1042 1040 1045 1040
N-H in plane
1170 cm−1 1190 1184 1166 1178 1178 1178 1140 1120 1150 1120
ring vibrations
1300 cm−1 1300 1300 1300 1342 1342 1294 1230 1230
C-H in plane
1380 cm−1ring 1365 1348 1379 1385 Over- 1379 1382 1378 1385 1382
vibr.C=C/C-C lap
& C-N contrib.
1450 cm−1ring Over- Over- Over- Over- Over- Over- 1550 1550 1550 1550
vibrations C=C/C-C lap lap lap lap lap lap (sh) (sh) (sh) (sh)
& C-N contrib. shift
1540 cm−1vibra- 1556 1573 1526 1600 1593 1568 1631 1627 1627 1631
tional C=C/C-C
1720 cm−1 1700 1700
C=O
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Figure 3: FTIR analysis of PPy/MnO2,hybrids of table II, where
the dots represent the vibrational modes of polypyrrole and the
arrow Mn-O.
the characteristic bands around 1300 and 1380 cm−1 are ob-
served more or less overlapped in the spectra of all our mate-
rials. The bands around 1450 and 1540 cm−1 are overlapped
and shifted to higher frequencies compared to literature val-
ues [21] in the samples of the first series (Table 1). This shift
most probably reflects the interaction of PPy with the inorganic
part of the hybrid. For samples of the second series, where a
greater amount of KMnO4 was used, the low frequency peaks
of polypyrrole are weak in comparison with the broad Mn-O
band, although some polypyrrole is formed. The peak around
1380 cm−1 is very sharp and different to the normal polypyr-
role peak observed for the first series samples. In earlier publi-
cations where polypyrrole was synthesized in acetonitrile, this
type of peak was also observed and was associated to the for-
mation of COOH groups due to overoxidation [23-27]. Specif-
ically, in samples MnPy11 and MnPy13 we detected an extra
peak around 1700 cm−1 related to the formation of C=O groups,
indicating again overoxidation of polypyrrole [23-27]. Further-
more, the main PPy band which appears at 1627 cm−1 in our
materials is remarkably shifted with respect to the expected lit-
erature value (1540 cm−1). This overoxidation of PPy could
likely reduce its electronic conductivity and have an effect in
its electrochemical activity. Finally, the FTIR spectra (Fig. 4)
of samples synthesized with HClO4/MnO−4 ratios higher than
2.5:1 (samples MnPy2, MnPy3, and MnPy6) do not show vi-
brational modes of polypyrrole, and most interesting the wide
band around 500 cm−1 characteristic of the inorganic compo-
nent was not present. This confirms that the inorganic compo-
nent in the hybrid is a reduced form of permanganate resulting
from the oxidative polymerization.
Figure 4: FTIR spectra of the experiments where the hybrid
PPy/MnO2 was not formed. Samples: a)MnPy2, b)MnPy3,
c)MnPy6.
After oxidation of pyrrole, the reduced inorganic specie must
be a manganese oxide with an oxidation state between (IV) and
(III) since the inorganic component must be insoluble in water
to stay in the polymeric matrix. Reduction of KMn(VII)O4 to
K2Mn(VI)O4 is also possible, but this species would convert
back to KMnO4 in aqueous acidic solutions which is our reac-
tion media, and this excess of KMn(VII)O4 would be eliminated
from the hybrid during the washing procedure. The general for-
mula MnO2−x is then appropriate to describe the inorganic part
of the hybrid material synthesized
To quantify the contents of organic and inorganic matter, ther-
mogravimetric analyses (TGA) were carried out. Fig. 5 shows
the TGA results for the vacuum-dried samples. We can appre-
ciate the partial overlap between the dehydration process and
the main loss corresponding to decomposition of organic mat-
ter, both separated by an inflection point at around 100oC, and
the different contents of organic and inorganic matter in the hy-
brid samples. Arranged from lower to higher inorganic con-
tents: MnPy5 < MnPy9 < MnPy1 < MnPy8 < MnPy4 < MnPy7
< MnPy10 < MnPy11 < MnPy13 < MnPy12. Finally, a small
weight loss around 430oC associated to oxygen liberation and
reduction of Mn(IV→III) was observed in all samples, and has
been assigned in the literature to a phase transition of MnO2 to
Mn2O3 [28].
Analyses of Mn by atomic absorption were carried out for the
inorganic residues obtained after TGA analyses. Elemental anal-
yses were also performed to find the amounts of C, H, and N
corresponding to the organic matter present in the hybrid. Based
on these analyses we calculated for each sample the amount cor-
responding to polypyrrole and manganese. In Table 4 we sum-
marize the calculated and experimental data obtained for each
hybrid. The results obtained from chemical analysis and from
186 A.K. Cuentas-Gallegos et al./ J. New Mat. Electrochem. Systems 8, 181-188 (2005)
Table 4: Summarized data from chemical analysis and calculated formulas for PPy/MnO2 hybrids.
Py:MnO−4 %C %N %H %Mn N/Mn Formula Sample
Exp. 2/1 36.12 10.22 2.65 28.07 1.42 [C4H3N]1.42MnO1.75 · · ·0.99H2O MnPy1
Calc. 35.32 10.29 3.25 28.44 FW= 193.18
Exp. 2/1 23.43 6.68 2.09 35.69 0.74 [C4H3N]0.74MnO1.82 · · ·1.2H2O MnPy4
Calc 23.11 6.73 3.02 35.71 FW= 153.83
Exp. 10/3 43.25 12.20 2.93 19.52 2.46 [C4H3N]2.46MnO1.68 · · ·2.08H2O MnPy5
Calc 42.30 12.33 4.16 19.66 FW= 279.39
Exp. 2/1 19.6 5.58 1.93 39.95 0.55 [C4H3N]0.55MnO1.77 · · ·1.02H2O MnPy7
Calc 19.22 5.6 2.7 39.97
Exp. 10/3 26.24 7.39 2.2 33.98 0.85 [C4H3N]0.85MnO1.88 · · ·1H2O MnPy8
Calc 25.78 7.51 2.89 34.69 FW= 158.34
Exp. 5/1 40.7 12.03 2.92 20.78 2.22 [C4H3N]2.22MnO1.76 · · ·1.8H2O MnPy9
Calc 41.02 11.95 3.97 21.13 FW= 259.99
Exp. 4/3 13.35 4.09 1.20 43.13 0.36 [C4H3N]0.36MnO2 · · ·0.94H2O MnPy10
Calc 13.56 3.95 2.34 43.10 FW= 127.46
Exp. 1/1 6.86 2.28 1.79 46.84 0.17 [C4H3N]0.17MnO2.17 · · ·0.85H2O MnPy11
Calc 7.03 2.05 1.91 47.34 FW= 116.03
Exp. 4/5 4.03 1.49 1.60 49.94 0.10 [C4H3N]0.10MnO2.17 · · ·0.77H2O MnPy12
Calc 4.36 1.27 1.68 49.92 FW= 110.03
Exp. 2/3 6.44 2.15 1.74 49.00 0.16 [C4H3N]0.16MnO2.08 · · ·0.77H2O MnPy13
Calc 6.87 2.00 1.74 49.14
Figure 5: Thermogravimetric analysis (TGA) at 1oC/min in air,
of the hybrid PPy/MnO2 samples. (a)MnPy12, (b)MnPyi13,
(c)MnPy11, (d)MnPy10, (e)MnPy7, (f)MnPy4,(g)MnPy8,
(h)MnPy1, (i)MnPy9, and (j)MnPi5.Py
TGA are well correlated as shown in Fig. 6, where the weight
loss obtained from TGA (organic matter + water) is compared
with the % N from elemental analyses.
From the analysis of the data summarized in Table 4 we can
conclude that for a given pyrrole to permanganate ratio the ef-
fect of increasing the amount of acid is to increase the amount
Figure 6: Correlation between the N% of elemental analysis
with the weight loss percentage from TGA analysis (%polypyr-
role+%water) for all the samples of PPy/MnO2 hybrid. The
numbers in the graph corresponds to the sample number.
of polymer in the final hybrid. Although this could be due to
enhanced polymerization, it is also possible that it would result
from the dissolution of manganese oxides in the high acidic me-
dia. Samples MnPy1, MnPy4 and MnPy7 with 2:1 Py/MnO−4
ratio, and samples MnPy5 and MnPy8 with 10:3 Py/MnO−4 ra-
tio, follow this trend.
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Concerning the oxidation state of Mn in the hybrids, the small
weight loss at 430oC is an indication of MnO2 content, and
the Mn(III)/Mn(IV) ratio can be deduce from the stoichiomet-
ric formulas of Table IV. The stoichiometry calculated for the
inorganic component after the phase transition did not result in
a manganese formula of Mn(III)2O3(MnO1.5), all the residues
analyzed show a Mn:O ratio higher than 1.5. This suggests the
presence of a non-stoichiometric manganese oxide
Mn(III/IV)O2−x that is not affected by the phase transition re-
ported for the stoichiometric oxide MnO2 [28].
Therefore the presence of Mn(III) in the final hybrids stoichiom-
etry is favored by a higher content of organic matter, which can
be presented as a non-stoichiometric oxide and as Mn2O3. XRD
patterns of residues (not shown here) presented peaks from
Mn2O3.
3.3 Electrochemical Characterization in Li cells
The PPy/MnO2−x hybrid powders mixed with carbon Super-P
were used as active cathode materials and combined with metal-
lic lithium anodes to assemble reversible lithium cells. Fig. 7
shows the first charge-discharge cycle of these systems, where
C/35 was used as the cycling rate. The best specific charges
were found for hybrids with a larger amount of inorganic phase
(MnPy12= 110Ah/Kg, MnPy13= 126Ah/Kg, MnPy11=
134Ah/Kg, MnPy10= 113Ah/Kg), and this tendency can be ob-
served in Fig. 8, where the relation between manganese con-
tent and specific charge is shown for the first discharge cycle.
The reversibility, on the other hand, was correspondingly worse
for these hybrids in comparison with those containing smaller
amounts of inorganic component. Thus, for all the hybrids of
the second series with more inorganic content and synthesized
with very small HClO4:KMnO4ratios, 70% of the initial spe-
cific charge is lost after 15 cycles. The explanation for this fad-
ing is probably related to the overoxidation and degradation of
PPy. On the other hand, for hybrids with more polypyrrole (first
series, Table 1) the cyclability is better although the loss is still
substantial, around 45% after 15 cycles. In this latter case the
fading could be more likely related to the overwhelming pres-
ence of Mn2O3 that has been proven to be responsible for the
irreversible behavior of manganese oxides in Lithium batteries
[6]. These results are not optimized for rechargeable Li batter-
ies, but they serve the purpose of evaluating the electrochemical
properties of the hybrids with respect to Mn content.
4. CONCLUSIONS
We have carried out successfully the synthesis of
Polypyrrole/MnO2−x hybrids. The only precedents for this type
of material were based on previously formed MnO2. In our
case, we have developed an “in-situ” simultaneous synthesis
where the oxidative polymerization of pyrrole takes place at the
same time as the [MnO4]− anion is reduced to MnO2−x. We
Figure 7: In this graph we show the first charge-recharge cycle
for each of the PPy/MnO2 hybrid samples at C/35. a)MnPy1,
b)c)MnPy9 and MnPy5, d) MnPy7, e)MnPy8, f)MnPy4,
g)MnPy12, h)MnPy10, i)MnPy13, and j)MnPy11.
Figure 8: Graphic representation of the relation between the
%Mn with the obtain specific charge of the first charge-
discharge cycle. The numbers in the graph corresponds to the
sample number.
verified the formation of PPy/MnO2−x hybrids by FTIR spec-
troscopy, and we have determined their compositions by TGA,
elemental analysis and atomic absorption. Chemical analyses
suggested the presence of a mixture of Mn oxides (stoichiomet-
ric and non-stoichiometric oxides, and Mn2O3). PPy/MnO2−x
hybrids were tested as cathodes in lithium rechargeable cells,
obtaining moderate specific charge values (40-135Ah/Kg), where
their performance depended on the MnO2−x amount. As the
content of Mn increases in the hybrid the initial specific charge
increases (110-135Ah/Kg) and the cyclability decreases. In con-
trast, the hybrids with less content of MnO2−x resulted in lower
specific charge values but with better cyclability.
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